We report our studies on the use of two catalyst systems, based on the ligands BrettPhos (1) and RuPhos (2), which provide the widest scope for Pd-catalyzed C-N cross-coupling reactions to date. Often low catalyst loadings and short reaction times can be used with functionalized aryl and heteroaryl coupling partners. The reactions are highly robust and can be set up and performed without the use of a glovebox. These catalysts should find wide application in the synthesis of complex molecules including pharmaceuticals, natural products and functional materials. † Electronic Supplementary Information (ESI) available: Synthetic methods and spectral data.. See
Introduction
The Pd-catalyzed amination of aryl halides has become a valuable tool in industrial and academic research for the synthesis of substituted anilines. [1] [2] [3] [4] [5] [6] [7] Such aromatic amines appear frequently in biologically active molecules, 8 including a number of pharmaceuticals currently on the market, as well as in materials with useful physical properties. [9] [10] [11] [12] This cross-coupling methodology allows the conceptually simple, yet powerful, disconnection of an aromatic amine to an aryl halide or pseudo halide and a nitrogen nucleophile. The development of these Pd-catalyzed methods has been influential in the design of synthetic routes to novel pharmaceuticals, increasing both the efficiency of synthesis and the speed with which analogues for biological assay may be accessed. As a result, since the discovery [13] [14] [15] of this process in 1995 there has been great interest in this area by numerous groups. 1, 7, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Recently, significant improvements in substrate scope and catalyst loadings have been realized. 2, [26] [27] [28] [29] [30] [31] [32] Unfortunately, this process is yet to approach generality and the goal of being able to couple any nitrogen nucleophile with any aryl or heteroaryl halide is far from accomplished.
In a notable recent contribution, Hartwig showed that palladium complexes generated from the Josiphos ligand CyPF-t Bu are efficient catalysts for the coupling of aryl halides with 1°a liphatic amines and 1° anilines. [26] [27] [28] These authors focused on the coupling of heteroaryl halides or functionalized aryl halides with simple amines, only a handful of examples of the coupling of heteroaryl amines with heteroaryl halides were presented and these required higher Pd loadings. In a typical synthetic application, however, both the nucleophilic and electrophilic components are functionalized. It is therefore an important goal to address such substrate combinations at lower catalyst loadings. The ability to use relatively low catalyst loading is most salient on process development and manufacturing scales in order to reduce the cost of the catalyst and ease the removal of Pd residues from the product. Unfortunately, despite these recent improvements in the ability to perform Pd-catalyzed cross-coupling reactions at lower catalyst loadings, the beneficial effects are significantly mitigated on manufacturing scale by the prolonged reactions times (typically 24 -48 h). On these larger scales the cost of materials (reagents, catalysts, solvent, starting materials) usually only contributes 20 -45% of the overall cost. 33 In this setting the conversion costs become dominant, hence throughput (including reactor residence time and resource intensity) makes a substantial contribution to the economic viability of a process. For these reactions to become more industrially relevant, both low catalyst loadings and short reaction times should be attained.
Furthermore, the excellent mono-to diarylation selectivities observed when using Josiphostype ligands stems from the poor ability of these metal complexes to catalyze the arylation of secondary amines. 26 Indeed it was found that this transformation could only be performed for a small subset of secondary amines and at relatively high catalyst loading. In contrast, through the use of N-heterocyclic carbene ligands Nolan has shown that secondary amines can be coupled with unfunctionalized aryl halides at very low catalyst loadings, however, this method has only been demonstrated with simple amines such as morpholine and di-nbutylamine. 2, 29, 31, 32 A more general means to carry out this reaction at low catalyst loading would be of great significance.
In addition to these issues of catalyst loading, another concern is that a number of practically important nitrogen nucleophiles lack efficient catalytic systems for their arylation. Other than N-methyl aniline, which is an especially easy substrate for most catalysts, acyclic Nalkyl anilines can be challenging. 34 Very few studies have been devoted to this group of substrates and such as have been disclosed proceed in modest yields and with relatively high catalyst loadings. Furthermore, in the course of synthesis of biologically-active molecules, the arylation of heteroaryl amines is often desired, such transformations have been described both by Cu- 35, 36 and Pd-catalyzed methods, however, systematic studies are limited. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Similarly, there are also conspicuous deficiencies in the scope of suitable electrophiles for Pd-catalyzed amination. The amination of 6-membered ring heteroaryl halides bearing a single heteroatom is becoming increasingly well developed, [51] [52] [53] [54] however, other classes of heteroaryl halides have remained recalcitrant. The use of 5-membered ring heteroaryl halides has also been limited, especially those containing multiple heteroatoms. [37] [38] [39] 55 Herein, we report our studies on the use of two Pd precatalyst systems ( Figure 1 ), based on the ligands BrettPhos (1) and RuPhos (2), who's use have been shown to quantitatively form the active monoligated Pd(0) complex under the reaction conditions. 56 These catalysts provide the widest scope for C-N cross-coupling reactions to date and go a significant way towards addressing the above-described limitations in Pd-catalyzed amination.
The use of these catalysts promotes the cross-coupling of a wide range of 1° and 2° alkyl amines and anilines with aryl halides and heteroaryl halides allowing the cross-coupling of complex substrate combinations, often at low catalyst loadings and in short reaction times.
Results and Discussion

Catalytic amination of functionalized aryl chlorides with primary alkylamines
In a previous communication 57 we showed that a catalyst system based on BrettPhos is highly active in the arylation of simple primary amines with a variety of simple aryl chlorides using 0.01 -0.05 mol% Pd. Therefore, we were interested in exploring the scope of these systems in greater depth. Previously, we have shown that the use of LHMDS as base in conjunction with a Pd catalyst based on a dialkylbiaryl-phosphine ligand allowed arylation of amines to be performed in the presence of a range of protic functional groups, including hydroxyls, amides and enolizable ketones. 54, 58 Hartwig has shown that unfunctionalized primary amines can be coupled with a range of functionalized aryl halides at catalyst loadings of 0.005 -0.5 mol% Pd using a Josiphos-type ligand employing this base. [26] [27] [28] Similarly, using 0.05 -0.5 mol% Pd in conjunction with BrettPhos (Table 1) we were able to couple simple primary aliphatic amines with a range of functionalized aryl chlorides that contain phenolic OH (entries 1a, 1b and 1d) or aliphatic OH groups (entry 1c and 1e), amides (entries 1f, 1g and 1i), carboxylic acids (entries 1h and 1l), enolizable ketones (entry 1j) and esters (entry 1k). It is noteworthy that in the examples given in entries 1a, 1b, 1d, 1e, 1f and 1g the use of BrettPhos affords higher yields in shorter reaction times with equal or in some cases lower Pd loadings than previously reported. 26 
Functionalized aliphatic primary amines as the nucleophiles using a BrettPhos ligated Pd-catalyst
Despite the outstanding results described with unfunctionalized 1° amines, no examples of similar reactions with functionalized 1° amines were described. We thus decided to ascertain whether 3 could be used with such substrates. Indeed we found that it was also possible to couple functionalized primary amines with functionalized aryl chlorides ( Table 2) . Unprotected non-α-amino acids can be employed successfully under these conditions (entry 2c-2e). These substrates have rarely been employed in Pd-catalyzed amination reactions, 59 despite the utility of N-aryl amino acid products. These methods present a complimentary approach to the Cu-catalyzed arylation of amino acids, which are only effective for aryl bromides and iodides. [60] [61] [62] The ability to use 2-chloro-p-xylene (entries 2c and 2d) is also important, as ortho-substituted aryl halides are often challenging substrates for Cu-catalyzed amination reactions. We have recently shown that 3 presents an effective system for the Pdcatalyzed amination of aryl iodides. 63 Not surprisingly, under the reaction conditions reported here it was possible to effect the amination of 4-chloroiodobenzene with complete selectivity for coupling of the aryl iodide (entry 2g). Notably, functionalized coupling partners also produce the desired C-N coupling product in good to excellent yield (entries 2a, 2b, 2f-2k).
A BrettPhos-based catalyst also proved useful in the N-arylation of primary anilines. Although a number of Pd-based catalyst systems have been disclosed for this transformation, these systems have typically not been challenged with the type of functionalized substrates that are often encountered in practical applications. In order to accommodate the greatest range of functional groups, the use of weak inorganic bases is often necessary. With a system based on 1, it was possible to perform coupling reactions of functionalized aryl iodides with functionalized anilines (Table 3) at catalyst levels as low as 0.1 mol% Pd. 63 To our knowledge these are the most efficient coupling reactions reported that employ a weak (carbonate or phosphate) base. In order to utilize substrates bearing protic functional groups, LHMDS was employed and its use proved successful (entries 3g and 3j). It was possible to achieve the selective amination of aryl iodides in the presence of both aryl chlorides (entry 3a) and bromides (entries 3b and 3k), thus generating products suitable for further functionalization.
Synthesis of heteroaryl secondary amines
The coupling of heteroaryl halides is typically more challenging than aryl halides. A number of hypotheses have been proposed to explain this phenomenon. 28, 34, 55, 64 These substrates not only present an academic challenge, but are arguably of the highest importance in industrial settings. For example, the majority of applications of Pd-catalyzed amination in pharmaceutical research make use of heteroaryl halides as substrates. These factors have prompted a great deal of research for the utilization of these substrates in C-N crosscoupling reactions. 1 Some success in developing catalyst systems that allow the amination of heteroaryl halides at relatively low catalyst loadings has been reported. [26] [27] [28] [29] [30] However, these studies have been largely limited to 6-membered ring heterohalides. Further, these reactions have generally employed strong bases such as MOt-Bu (M = Na, K) or LHMDS, which limit the functional groups that can be tolerated.
2.1.3.1. The amination of six-membered ring heteroaryl halides under weak base conditions-Using 3 and the combination of K 2 CO 3 and t-BuOH we were able to successfully employ a number of heteroaryl halides in Pd-catalyzed amination reactions (Table 4) . Few examples of the amination of 5-halopyrimidines have been reported 26, 54 and we were able to efficiently couple this substrate with both aliphatic amines (entries 4a and 4b) and anilines (entry 4c). The combination of 6-membered heteroaryl amines using the K 2 CO 3 /t-BuOH also proved feasible (entries 4d-4h). This class of substrates has been more challenging in the past because of the weaker nucleophilicity of the amine nitrogen, as well as their ability to chelate the Pd. We have previously demonstrated the coupling of these compounds with aryl iodides using 1. 63 We have now extended this process to aryl bromides and chlorides. Amino-pyridines (entries 4e, 4f, 5h and 5m), -pyrazines (entries 4d and 5g), -pyrazolyls (entries 5k and 5l) and -pyrimidines (entries 4g, 4h, 5i and 5j) could all be successfully transformed to the desired product ( Table 4 and Table 5 ).
When LHMDS was used as the base, we could couple furan-(entries 5a, 5c and 5e) and thiophene-(entries 5b, 5d and 5f) containing aliphatic amines with aryl chlorides bearing functional groups with active protons. Also, 2-aminopyridine was successfully combined with 4-chlorobenzamide in 89% yield using only 0.25 mol% Pd in 5 h (entry 5m).
Pd-catalyzed cross-coupling reactions involving 5-membered heterocycles with multiple heteroatoms
Five-membered heteroaryl halides have been problematic substrates in Pd-catalyzed C-N cross-coupling reactions. It has been demonstrated that reductive elimination of the corresponding Pd(II) amido complexes (generated from secondary amine) to form the heteroaryl amines is slow and low yielding with dppf as the supporting ligand . 53 More recently we have disclosed that catalysts based on 2 and SPhos could effectively couple chlorothiophenes, as well as 2-chlorobenzothiazoles, with primary and secondary amines in high yields. 54 Five-membered ring heteroaryl halides containing multiple heteroatoms are especially challenging. Systematic studies of Pd-catalyzed amination of this class of substrates have only employed benzofused 5-membered heteroaryl halides. Furthermore, all previous examples of this class of transformation have used secondary amines; no examples with primary amines have been reported. 51, 54 Therefore, we investigated the use of 3 for the coupling of 5-membered heterocycles with multiple heteroatoms with primary amines, and in particular, with anilines ( Table 6 ).
The use of 3 in combination with LHMDS as the base allowed the amination of substituted halopyrazoles (entries 6a-6d, 6j ) in good yields. Unfortunately, relatively high Pd loadings were required. When using LHMDS as base it was not necessary to use a protecting group for the heterocyclic NH (Table 6 ), in accord with our previous findings for the amination of haloindoles. 54 We were particularly interested to examine the reaction of 5-membered ring heteroaryl halides with heteroaryl amines, as this difficult substrate combination is frequently encountered in the synthesis of biologically active molecules. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Xantphos has received the most use for the cross-coupling of 5-membered heteroaryl amines bearing multiple heteroatoms; [37] [38] [39] [40] [41] although, in some circumstances other ligands have been employed to give the desired product in moderate yields. [44] [45] [46] 65 Unfortunately, these reactions exploiting Xantphos have been largely limited to activated aryl bromides; electron neutral aryl bromides have been noted as having a narrower substrate scope and typically benzofused amines must be employed. By employing 1 as the supporting ligand, however, it was possible to effect the coupling of pyridyl amines with 4-bromothiazole (entries 6f and 6g), as well as 2-aminothiazole with 5-bromopyrimidine (entry 6i). Certain other heteroaryl halides remain recalcitrant; we were not able to obtain any coupling product from the reaction of bromoisoxazoles, bromoimidazoles or 3-or 5-halopyrazoles.
Scope of the amination of aryl chlorides with secondary amines
To date little success in the cross-coupling of 2° amines with aryl chlorides at low catalyst loadings (<0.5 mol% Pd) has been obtained. For the coupling of acyclic secondary aliphatic amines, Nolan reported two examples of the arylation of di-n-butylamine at 0.01 mol% Pd using a NHC carbene ligand. 31 The use of cyclic secondary amines is also rare; Beller reported a single example of the cross-coupling of piperidine at 0.1 mol% Pd of an activated aryl chloride 66 and Hartwig reported two examples with morpholine, 26 one at 0.1 mol% Pd and the other at 0.05 mol% Pd (although with reaction times of 48 hours). For the coupling of N-substituted anilines at low Pd loadings, Beller has reported a handful of examples for the arylation of N-methyl aniline with aryl chlorides at 0.01 mol% Pd. 67, 68 We have previously demonstrated that the use of the dialkylbiaryl phosphine ligand RuPhos permits the arylation of a range of secondary amines with aryl iodides at low catalyst loadings (0.01 -0.1 mol% Pd). 63 We, therefore, elected to study the scope of this system in the amination of aryl chlorides ( Table 7 ). The combination of NaOt-Bu in THF proved efficient for these reactions. Both morpholine and N′-methylpiperazine underwent arylation with unactivated aryl chlorides at 0.05 mol% Pd (entries 7c and 7d ). This catalyst system was also suitable for the cross-coupling of acyclic secondary amines at 0.05 mol% Pd (entry 7j). When using N-methylaniline arylation of 4-chloroanisole could be performed at 0.01 mol% Pd (entry 7a). Although these are encouraging results, we were interested in investigating more challenging substrate combinations. 34 It was found that larger N-substituents present a greater challenge; the reactions of N-ethyl, N-benzyl and N-isopropyl anilines progressively required higher catalysts loadings. The coupling of N-methyl anilines bearing substituents at the 2-position could also be achieved by increasing the catalyst loading to 0.3 mol% Pd (entries 7h and 7i) . ortho-Substituted aryl chlorides could also be employed, although once again this necessitated a slight increase in catalyst loading (compare 7a and 7b). Indeed it was even possible to bring about the coupling of ortho-substituted anilines with orthosubstituted aryl chlorides (entry 7i). Notably, by increasing the catalyst loading to 0.5 mol% Pd, the coupling of N-methyl-2,4,6-trimethylaniline with 2-chlorotoluene could be effected in an excellent yield (entry 7n).
Scope of amination reactions of heteroaryl chlorides with secondary amines
We proceeded to investigate the coupling of secondary amines with heteroaryl chlorides (Table 8 ). Of the heteroaryl chlorides examined, 2-chloropyridine proved to be the least challenging -cyclic secondary amines could be coupled with this substrate with 0.025 -0.1 mol% Pd (entries 8a-8c and 8e) . The cross-coupling of 3-chloropyridine proved more difficult, requiring 1 mol% Pd to achieve efficient coupling with pyrrolidine (entry 8d). The use of Cs 2 CO 3 allowed the coupling of a chloropyridine to be performed in the presence of a nitrile (entry 8j) or of a 2-methylbenzothiazole (entry 8o). The ability to couple acyclic aliphatic amines with heteroaryl chlorides is especially noteworthy (entry 8i). Furthermore, employing LHMDS as base facilitated the coupling of unprotected haloheterocycle containing a free NH group such as 4-chloropyrazole (entry 8m) with N-methylaniline. Although the catalyst loadings are high (4 -6 mol% Pd) and N-methylaniline is among the easiest nucleophile to use in such reactions, such electrophiles have not previously been employed in Pd-catalyzed C-N cross-coupling reactions. It appears that a general trend for the efficiency of the coupling of secondary heteroaryl chlorides with secondary amines can be discerned: 5-and 6-membered secondary cyclic alkylamines (e.g., pyrrolidine, piperidine) ~ N-methylanilines > N-ethylanilines > N-methylbenzylamine > N-methyl-otolylamine > secondary acyclic alkylamines. 34 
Generation of functionalized tertiary amines
The use of Cs 2 CO 3 as base in Pd-catalyzed amination processes allows a wider range of electrophilic functional groups to be incorporated into the substrates than if NaOt-Bu is employed (Table 9 ). Unfortunately, reaction rates are typically lower with a weaker base, necessitating higher catalyst loadings. There are no reported examples of Cs 2 CO 3 as the base in the arylation of secondary amines with aryl chlorides employing <0.5 mol% Pd. By the use of a RuPhos-based catalyst system it was possible to effect the cross-coupling of a number of substrate combinations bearing electrophilic functional groups, such as esters (entries 9b and 9f), nitriles (entry 9a) and enolizable ketones (entry 9c), at only 0.2 mol% Pd loading. Aliphatic amines require slightly higher catalyst loadings (entries 9e, 9h, 9i-9m ) than anilines. For example, the arylation of N-methylisopropyl amine can also be achieved using Cs 2 CO 3 as the base (entry 9g).
As in the case of primary amines, the use of LHMDS as base allows the incorporation of protic functional groups into the reactants (Table 10 ). Under these conditions cyclic secondary amines could be coupled at 0.15 mol% Pd (entry 10a); however, acyclic secondary amines such as di-n-butylamine (entries 10b and 10c) typically required higher catalyst loadings (1.5 mol%). For the coupling of these substrates with ortho-substituted aryl chlorides SPhos proved to be a superior ligand. For example, di-n-butylamine was combined with 2-chlorotoluene in only 12 h with a catalyst loading of 2 mol% Pd (entry 10d).
Catalytic amination reactions of heteroaryl chlorides and heteroaryl secondary amines
Despite advances in the Pd-catalyzed amination reactions of heteroaryl chlorides with primary amines, the use of secondary amines has presented challenges and is less studied. Further, reports of the coupling of secondary heteroaryl amines with heteroaryl chlorides are rare. 69, 70 We were, therefore, interested to investigate the feasibility of this transformation due to the importance of the resulting products in pharmaceuticals and the appearance of heteroaryl triarylamines in materials science applications. 11 In the presence of a RuPhosbased catalyst this challenging transformation could be achieved for a number of substrate combinations (Table 11) , including pyridyl (entries 11a, 11c and 11i), pyrazinyl (entries 11b, 11d and 11j), quinoxinyl (entry 11g) and quinolyl chlorides (entry 11e, 11f, 11h and 11k). Despite the relatively high catalyst loadings (0.5 -4 mol% Pd) required, the ability to achieve the cross-coupling of these substrates in such high yield is of significant importance. Moreover, it was also possible to use the combination of Cs 2 CO 3 /t-BuOH to effect these transformations (entries 11d, 11i and 11j) , allowing even greater functional group tolerance. Using these conditions the somewhat acidic 2-methyl benzothiazole moiety (entries 11i and 11j) was not problematic. We note that reduction of the aryl halides could not be suppressed completely in some cases (entries 11e and 11f) ; however, the products were still isolated in good to excellent yields.
Catalytic amination of (mono) Boc and Cbz protected secondary diamines
N-Aryl piperazines appear frequently in biologically active molecules, 8 but the Pd-catalyzed arylation of these substrates can be more challenging than other cyclic amines. 71 There have only been a limited number of studies of the arylation of piperazines with aryl chlorides and these have typically used relatively large amounts of catalyst (>1 mol% Pd) and have employed activated substrates as coupling partners. 72, 73 By using a RuPhos-based catalyst system, we were able to arylate Boc-protected piperazine with a range of aryl chlorides in good yields (Table 12, entries 12a, 12b and 12e-12g ). Under the same conditions Cbzprotected piperazine gave lower yields for these reactions. However, by switching the base and solvent combination to K 3 PO 4 in t-BuOH we are able to obtain the products of these reactions in improved yields (entries 12c and 12d) .
Synthesis of Gleevec®
Above, we have shown that catalyst based on 1 can successfully couple a range of heteroaryl substrates. We wanted to further highlight the utility of our system by applying it to the synthesis of an important biologically active molecule. Imatinib base (Gleevec®) is a small molecule protein kinase inhibitor that is used in the treatment of chronic myelogenous leukemia and was the first of a growing class of kinase inhibitors that specifically target various tumor cells. [74] [75] [76] A key feature of many of this revolutionary class of drugs is the diarylamine subunit. 42 This molecule also possesses a number of features typical of modern pharmaceutical agents including multiple heteroatoms and electrophilic functional groups, as well as having high polarity. 77 This, therefore, seemed to be an ideal target on which to test the applicability of a BrettPhos-based catalyst. A number of syntheses of imatinib have been previously reported, [78] [79] [80] [81] [82] [83] including approaches involving both Pd- 78, 83 and Cucatalyzed 82 cross-coupling. These, however were inefficient with respect to the reactivity of catalyst required and could not use aryl chloride substrates as coupling partners. For our approach to the synthesis of Gleevec®, we envisioned a C-N cross-coupling reaction between a 2-aminopyrimidine B and fragment A (Scheme 1). The 2-aminopyrimidine fragment can be made in a single step and is commercially available. The required aryl chloride coupling partner A was prepared in a 2-step, one pot procedure in 73% yield from commercially available precursors. The cross-coupling reaction between A and commercially available B proceeded efficiently in the presence of 2 mol% 3 to furnish imatinib base in 84% yield. The ability to perform this challenging cross-coupling reaction allows a very concise and efficient 2-pot synthesis of imatinib base.
Conclusions
In summary, we have shown that a broad range of 1° and 2° amines can be arylated with functionalized aryl and heteroaryl halides. Further, the examples described show that the presence of multiple heteroatoms in either (or both) coupling partners has little deleterious effect on the reaction. It is notable that despite the wide variety of coupling partners only two ligand systems are required, BrettPhos, 1 for 1° amines and RuPhos, 2 for 2° amines. Often low catalyst loadings and short reaction times can be used and these results compare favorably with previously reported catalyst systems. The reactions are highly robust and can be set up and performed without the use of a glovebox. As a result of this unique combination of desirable features, we expect these catalysts to be widely employed in synthetic contexts where these characteristics are prerequisites for applicability, such as in the synthesis of pharmaceuticals, natural products and functional materials.
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instruments used for this study were furnished by funds from the National Science Foundation (CHE 9808061 and DBI 9729592). Ligands and precatalysts used in these studies for Pd-catalyzed C-N bond formation (1 and 3 are used for 1°-amines, 2 and 4 are used for 2°-amines). Table 1 Cross-coupling reactions of functionalized aryl chlorides and simple primary aliphatic amines a a ArCl (1 mmol), amine (1.2 mmol). Cross-coupling reactions of functionalized aryl halides and functionalized aryl amines a a ArX (1 mmol), amine (1.2 mmol).
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Table 10
Pd-catalyzed amination of aryl chlorides by using LHMDS/THF a a ArCl (1 mmol), amine (1.2 mmol).
b RT, L= SPhos.
Table 12
Cross-coupling reactions of aryl chlorides and Boc and Cbz protected amines a a ArCl (1 mmol), amine (1.2 mmol). b K 3 PO 4 , t-BuOH, 110 °C, 16 h.
